The number of spikelets per rachis node is a key taxonomic character in the tribe Triticeae. In intergeneric F 1 plants, including wheat (Triticum) and barley (Hordeum), the single spikelet trait was epistatic, whereas it showed intermediate response in the interspecific hybrids involving the genus Elymus. Further genetic analysis has been hindered by the high sterility of the F 1 hybrid plants. In the F 1 E. tsukushiensis × H. vulgare, occasional variation in the number of spikelets was seen, apparently due to somatic chromosome instability. This indicates that these aneuploids should provide useful material for further analysis. A series of nullisomics and nulli-tetra compensation lines of Triticum aestivum ssp. vulgare cv. Chinese Spring was observed. From a consideration of all these results, it is proposed that a dosage of six genes on the homoeologous chromosomes of group-2 may suppress the formation of paired spikelets at the rachis nodes at the hexaploid level of wheat.
Introduction
The tribe Triticeae is characterized by simple and spicate racemous panicles; these are called spikes. Differences occur in the number of spikelets per rachis node. Triticum, a typical genus in the subtribe Triticinae, has single spikelet at each rachis node, whereas Hordeum, in Hordeinae, has three spikelets, a triad, at the node. In other genera located taxonomically between these two typical groups, the number of spikelets varies by species or even within a spike. In the genus Elymus, it varies from one to two and even to four at each rachis node.
Cytogenetically the tribe shows high differentiation into various foreign genomes, and following speciation has given rise to allopolyploidization; about two thirds of the species in the tribe are polyploidy, and even within a single genus certain species may include foreign genomes. This tendency has hindered genetic analysis of segregating Mendelian traits between genera.
Nevertheless, some genetic results have been accumulated concerning the spikelet arrangement. The F l hybrid between wheat and barley, which was obtained by embryo rescue, showed wheat-like spike morphology with a single spikelet per rachis node (Islam et al. 1975) . This result indicates that the wheat genotype (or gene) is epistatic to that of barley in the number of spikelets per node.
However, the situation seems to be much more intricate when other genera are considered. For instance, before Dewey (1984) combined species from several formerly separated genera into the genus Elymus, which at present consists of about 150 species, the two genera Elymus and Agropyron were treated as different genera, depending on the number of spikelets per node. In the former genus, spikelets are usually two, or rarely one or three spikelets, and the latter has one or rarely two spikelets per node. Hybridization studies between species of these two groups, Agropyron and Elymus, were reported by Sakamoto (1982 available aneuploid series was shown to be an effective method and it was especially useful for investigating the nature of the spelta gene q, which has less effect on the vulgare phenotype than the vulgare gene Q has (Muramatsu 1963) .
This article briefly describes the search, using conventional cytogenetic analysis, for clues to permit further investigation of these traits, and a proposal to explain the interactions observed.
Materials and Methods
Materials involved in the present article are shown in Table 1 . E. tsukushiensis usually has single spikelet per rachis node, and only occasionally two in paired arrangement ( Fig. 1) . A series of aneuploids of Triticum aestivum ssp. vulgare cv. Chinese Spring was received from Dr. E.R. Sears. In seeking answers, careful consideration and arrangement of results from previous articles were made. Rachis nodes of spikes will be described simply as nodes in this article, if it is not otherwise necessary.
Results

Characteristics of the hybrid plants
Spikes of F 1 plants of the cross T. aestivum × E. tsukushiensis: In this combination, hybridization was only possible using embryo rescue (Muramatsu et al. 1992 , Muramatsu 2005 . As far as observed, all of the spikes had single spikelets. Since paired spikelet arrangement per node is only occasionally seen in the spikes of E. tsukushiensis, the frequency of paired spikelet, if occurred, should be even lower in the F 1 , and it is likely that a spike with a paired spikelet would escape observation.
Irregularity of spikes in the F 1 of the cross between E. tsukushiensis and H. vulgare: As described in Table 2 , the F 1 hybrid of E. tsukushiensis crossed to H. vulgare often showed various morphological abnormalities, having leaves exhibiting a variety of striped sectors. Spikes of tillers that developed relatively normally in the earlier stages had a single spikelet at each node. Cytological observation showed high chromosome instability; the chromosome number varied among cells observed (Muramatsu 2005) . As a general tendency, the higher the abnormality in spikelet formation, the more stunted the tillers (Muramatsu unpublished) . As shown in the Fig. 2 , the number of spikelets per rachis node varied between spikes and within a spike.
There were spikes with two or three spikelets per rachis node. The somatic chromosome number observed in root tips varied by tillers as well as among cells. Lower chromosome numbers in later stages of development indicated that chromosomes were being eliminated. Among such tillers, polyhaploids of the female parent, E. tsukushiensis, sometimes appeared. Elimination of the barley chromosome involved was confirmed because the spike of the polyhaploid, which is surely without barley chromosomes, usually had only a single spikelet per node. However, high fluctuation of chromosome number doubtless indicates that chromosomes derived from the both parents are involved. In the F 1 of barley and E. tsukushiensis, it appears that chromosome With these explanations, we are able to postulate that the genotype for the triad spikelet of barley is hypostatic to a gene or genes carried on a chromosome or chromosomes of plants belonging to the subtribe Triticinae.
Spike morphology of aneuploid plants of the homoeologous group 2 of common wheat
Spikes of nullisomics: Since the spike characters are stable for wide range of environments, any obvious deviation from the standard must result from chromosome aberration or some genetic change. In an aneuploid series of common wheat, T. aestivum ssp. vulgare cv. Chinese Spring, the nullisomic effect showed a similar tendency for three homoeologous chromosomes (Sears 1954 ). Among the seven homoeologous-chromosome groups, nullisomics of group 2 are particularly involved with the spikelet number per rachis node. In this regard, Sears (1954) described the "reduplication of spikelets" on page 12, and that "spikes usually have one or more nodes with an extra spikelet borne below the normal one". In the photos of the spikes shown on page 11, nullisomic II (2A) has clearly two spikelets per node, sit-uated side by side in some rachis nodes. Occurrence of such an irregular spikelet arrangement was confirmed by repeated observations made on additional nullisomics of 2A, 2B and 2D grown from seed.
Nulli-tetra compensation effect and the spikelet: Compensation of nullisomic effect with increased numbers of the either one of the homoeologous chromosomes not only recovered vigor, but also eliminated specific characteristics that occurred in nullisomic plants. Spike of the nulli-tetra compensation lines (2n = 42, 19″+1″″) clearly resembled that of normal disomic plants, which have a single spikelet per node. Occurrence of paired spikelets is not found, indicating complete compensation by increasing the number of homoeologues to the tetrasomic level.
Discussion
For the genotype of paired spikelet per node, it is presumed that a main gene (or a group of genes) has effects on a given genetic background inherited from the preceding phylogenetic line. This kind of genetic system is not unknown; it has a firm experimental base in an earlier case; for example, the effect of the gene Q concerning the vulgare-spelta character has been proved (Muramatsu 1963) .
In order to approach an apprehension of a legitimate genetic system relevant for the paired spikelet character, it will be necessary to consider two factors. The first one is a previous background genotype that is inherited from an earlier line and upon which a second factor, a gene, exerts some effect. The original genotype inherited during the process of evolution to Triticeae would surely have had, at least, paired Fig. 2 . Variation in the number of spikelets in a spike of the F 1 hybrid between E. tsukushiensis and H. vulgare, a 6-rowed cultivar. Spikes (A) and a selected spikelet from a rachis node (B). On the left is shown the parent E. tsukushiensis with one spikelet per rachis node and on the right a 6-rowed cultivar of H. vulgare. Spike second from the left has mainly 1 spikelet per rachis node. The third spike has mainly 2-3 spikelets. spikelets or possibly three or more spikelets.
The compensation of the nullisomic effect by homoeologous chromosomes implies that differentiation is not only for chromosomes but also has as its basis the duplication of genes (Sears 1954) . Accordingly, high compensation indicates little differentiation of duplicated genes; that is, the higher the compensation effect obtained, the more similar the chromosomes. Since in group 2 the nullisomic effect is similar, and from the irregularity of spikelet formation, one can assume that genes on the homoeologues must have similar effects; all the genes acting together suppress paired spikelets per node. If the genes are differentiated, the effect must be too small to modify the phenotype. Occurrence of the nullisomic effect leads to the further inference that the genes involved may have little effect until they reach a threshold level of action.
One of the indications that such genes work in concert if they are present in the same plant has been proved for the spelta gene q. Regarding the effect of more than two genes, the spelta gene q of common wheat is duplicated on the chromosomes of homoeologous group 5, and together they act in concert to suppress the coriaceous glumes that characterize wild Triticeae species, although the effect is weaker than that of Q (Muramatsu 1963) .
Assuming that the spikelet character behaves much like the spelta gene, it is appropriate to use the genotype of T. aestivum ssp. vulgare cv. Chinese Spring (2n = 6x = 42, 21″, AABBDD). As an instance shown in Table 3 the phenotype of nullisomic 2D of the D genome allows one to postulate that both 2A and 2B have genes suppressing the formation of paired spikelets. Thus, we expect the suppressing effect on the abnormal formation of spikelets to result from the combined effect of all six genes. With six dosages of such a gene, tentatively designated Ps from the abbreviation of paired spikelet, and if it is located on different chromosomes, i.e. Ps1 for A, Ps2 for B, and Ps3 for 2D of D genome, the series Ps1 Ps1 Ps2 Ps2 Ps3 Ps3 would be the presumed genotype of plants having the normal phenotype of a single spikelet per rachis node. The designated genes are assumed to be dominant, because it would behave as a dominant in diploids.
The same result may be expected for E. tsukushiensis, which is hexaploid like T. aestivum. Modifying genes may account for the occasional paired spikelets found in E. tsukushiensis. If the degree of suppression were near the threshold level, it is likely that a modifying gene might reduce the effect of the suppressing genes. Such a genetic background may vary among strains of E. tsukushiensis.
Also none of the lines with barley chromosomes added to Chinese Spring wheat, obtained from E.R. Sears, showed any clear tendency to express the barley character. The results may well be due to the polyploidy nature of wheat, while barley is diploid. Evidently this shows that triad spikelet of barley is suppressed by the epistatic genes from the Elymus parent, although that effect is not complete, as the Elymus parent itself has occasional paired spikelets. Because the phenotypes of F 1 hybrids involving two Elymus species were different, it is likely that the genetic system determining the number of spikelets may well be complicated. Normal; One spikelet on rachis nodes. Two spikelets; Paired spikelet arrangement like in spike type seen in Elymus. +, and =: Presence and absence of the homoeologous chromosome and then genes located on the chromosomes concerned.
